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liolograpliy , in it:- broadest :iomu , involves. i nt erference between a coherent 
reference radiation be.'un and another beam of coherent radiation scattered 1 ‘imiii 
an object, under inspect, ion. lie radiat ion beams can bo mechanical (aa in the 
case of sound holography) or electromagnet i c (as . n the case of light holography) 
The interference pattern, upon i nt orro.at i >n b\ coherent radiation beam, yields 
detailed information about the scattering object. With the advent of the 
lasers, grout progress has been nude in the development of optical holography . 
There has not been a corresponding development in sound holography even though 
there have bet'n powerful , coherent , sound sources at our disposal for a long 
time. And yet there are certain valid fields where acoustic holography is 
expected to play a very important role. For instance, sound propagation is 
still the best method for detecting: ami locating submerged objects for distances 
greater than a few kilometers. Kas-y propagation of sound waves through solids 
makes sounu holography easily adaptable r nondost .ruet i ve testing of solid 
devices and it is expected to be c >n iderubly cheaper and safer tdian, for ex.'imple, 
neutron rad iography . Medical diagnostic applications constitute yet another 
potential field, although sound propagation in tissues is. far from being fully 
realised mainly because of the lack of adequate hologram recording and recon- 
struction techniques. It is the purpose of this report to review the status o«” 
sound holography and or i t. i cal ly examine the status of sound-t o- 1 i ght conversion 
techniques. In the latter context , new and more fruitful areas of research 
will be i dent i f i ed . 
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Consider two mutually colu'rent and monoehromat le radiation beams., 

. — iwt \ - i<o t ( * ) , 

A(x,y)e and b(x,y'e . arrivin.. at t hr' receiver. A(\,y) and 


{* )The interfering wavs amplitudes have bi'en expres-sed in the following 
simplified form in the x-y plane of the receiver: 

„ , , IK. r -I (..'tag 

11 l r ' a e e 
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. \ -:i»'t , . - i»> t 

A ( x ,y , V \( \ ,y ' e 


and similarly 


... . , — i » t . , — iwl 

U ,( r) B( x ,y le b( x ,y )e 


B(x,y) represent the complex amplitudes of the two beams in the plane (x,y) 
of the receiver. In the case of squared-law detectors, the resultant recorded 
intensity at the receiver is given by 

I = |A + b| 2 

= (A + B) ( A* + B* ) 

= (AA + BB ) + (AB + A B) (l) 


The first term represents the sum of individual intensities whereas the 
terms in the second bracket represent the interference phenomenon. In optics, 
it is possible to measure the entire second bracket whereas in sound 
or microwave holography, one can pick out AB or A B term singly. The 
recorded intensity I, as given by equation (l), represents the hologram at 
the receiver. In the case of a photographic recording medium, its amplitude 
transmission, T, is related to the intensity, I, as follows: 



where y is the slope of the emulsion response curve. To simplixy explanation, 
it will be assumed that the photographic emulsion processing is such that 
y = -2 and therefore transmission is proportional to I. 

— iu) t 

If now the recorded hologram is interrogated with either A e or 

B e iart , one will get the remaining wave and its complex conjugate as seen 
below. The transmitted amplitude behind the hologram is given by the 
following expression: 


A • t = A • I 


= A |A + B| 2 

= A(AA + BB ) + A(AB + A B) (2) 


Leaving out the first bracket and confining attention to the second 
bracket which contains the signal bearing interference fringes, 
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A • T = Const 


+ AAB* + AA B 

/Twin\ /Heeonst rueted 
IWave/ \ Wave 


In the case of two identical plane waves, B and B are reconstituted 
with unit magnification. If t.he two waves were spherical, the virtual image 
would still have unit magn i t* i eat ion but the real image will have a magnification 
other than unity. (Bee figure 1 for general construction 'reconstruction 
techniques in holography. ) 


In the case of a point object, the recorded hologram is a zone plate. 

In general, a surface hologram may be considered a generalized zone plate 
with a built-in object. Such a zone plate has. two simultaneous focal lengths, 

+ f . 
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where u and v 
hologram and the 


represent distance from the reference source 
object source to the hologram, respectively. 


to 


the 


These .one plates are characterized by two 


fund amenta 1 proper! i es : 


d* 


a 


n 


t’\ = Constant. 


( Ba ) 


where d represents the linear dimensions of the hologram and 
the construct in? : wavelength. |\ = (k) -; .| 


\ represent s 


The discussion, so far, is 
ho lor rams. However, one cannot 
optically visible image. That 
the interrogating beam will be 


equally applicable t.o the optical and sound 
use an acoustical wave to reconstruct an 
is, in the case of an acoustical holograph, 
different from the constructing beam. Let 


the interrogat ing wave be represented by A , (\,y)e~ lu1 *. 
transmitted amplitude behind the hologram is given by the 
(ignoring the zero order terms): 


In this ease, the 
fol lowing expression 


A' • T = (A' 


AB* + A' 


# . 

A B) 


-iw't 
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(5b) 


As is obvious from the right-hand side term: 


and figure 1(c), there are st ill 



t wo images, J us ( a 
hologrtun act 1 ike 


in t he case of li ght-t.o- 1 i ght ho lo grama. However, the 
>d i ! it'.: focal Lengthy f * , gi ven by. 
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whtM-o m = hologram sea! ing factor. Preservation of three-dimensionality 
in ! ,u ' riVO,u, t rUl 't. i on requires that the hologram sealing factor, m. be properly 
matched to the \( interrogator/ A( inspector) ratio. (bee Appendix. ) In 
labor's original experiment (.vf. 1 ) , this ratio was of the order of 10 s 
compared with a value of about 10”' in the somid-to-li ght holograms. 


I’.quat ion ) giver indication, 
reasons vliy sound holograpliy har. not 
ho 1 ograpliy . 


as will be discussed later, of the 
been able to keep pace with optical 
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: * u ' various techniques that have been used iu sound hologram construct! 
are summarised in I’able 1. 


ton 


Table I.- Nummary of 


bound Image Detection Techniques 


No, 

Type of Detect or 

Detectable Threshold of 

Aeons t i c bower (approx 1 

1 

Photographic Emulsions 

i watt -m (refs, b-l) 

3 

Thermoplastics 

0.1 watt/cm' (ref. U) 

3 

hi quid bur face Deformation 

10 watt cm’ (ref. 5) 

it 

Electronic Methods 

watt cm (refs, o- f ) 


Owing to high power requirements for methods 1 and 
will be confined to methods > and It. 


the discussion 


biMitt • shows general technique for sound imaging using the liquid-gat 
i.it. ttaee as the recording medium. The interference pattern is formed on 
the surtace ot the liquid. When a free liquid surface is exposed to an 

' ■ J front, it \ ■; .. t t sel f to the icoust Lc pressure distribul 

On pt e ss ure equation on the liquid-gas interface is (ref. 8): 


It 
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pgh = 2P + yV 


( 6 ) 


where 



p = acoustic pressure amplitude 
v = velocity of sound in the liquid 
y = surface tension of the liquid 
h = vertical surface deformation height 


p and g have usual significance. 

Green (ref. 9) has investigated this liquid surface interaction with the 
sound field and concluded that it acts as a low-pass filter. The surface 
pattern is photographed to form a conventional hologram. (*) The hologram is 
suitably demagnified to take account of the fact that the interrogating light 
signal has much smaller wavelength than the investigating acoustical signal. 

To increase the sensitivity of this method of recording, the liquid is often 
wetted by a wetting agent with low surface tension. However, as indicated in 
Table I, this technique requires rather high intensity levels (at least for the 
reference beam) for successful direct playback and also suffers from other 
aberrations introduced by the physical processes involved. This technique will 
not receive any further consideration in this report. 


The most sensitive techniques for recording acoustic holograms involve 
the use of piezoelectric crystals. Figure 3 shows a typical experimental 
arrangement. In this arrangement, the direct and scattered ultrasound waves 
impinge on the piezoelectric receiver producing a voltage distribution whose 
amplitude at any point is directly related to the resultant acoustic amplitude 
resultant acoustic amplitude at that point. The voltage distribution at the 
receiver surface modulates the secondary electron emission caused by a scanning 
electron beam. The resulting signal, after suitable amplification, is 
displayed on a television monitor. The television screen is photographed for 
subsequent conventional reconstruction. The main objections to this system 
are : 


1. Limited resolution 


2. Lack of simultaneous display of reconstructed image 



(*)By illuminating the surface pattern with a laser beam, one may immediately 
reconstruct the underwater object. (The reconstructed image will be 
distorted as indicated in the Appendix. ) 
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by 


Using the Hayleigh criterion, the resolution, X, for a system is given 


X 


. 



( 7 ) 


where P = object-receiver distance 
A = investigating wavelength 
a = aperture of the receiver 


The aperture, in this technique, 
detection of the receiver.* For quart 

thereby 


is limited by the maximum angle of 
z, this critical angle is of the 
/Col " \ 

ue to ( ; I . . he apert ure 


is 


further limited'*” by the fact that the receiver thickness is about half the 
wavelength of the ultrasound in quartz for a crystal operated at the resonance 
poi nt. Phe : ■ : • pertur tl bjects t can 

investigated by this technique. 


Another technique involves the use of direct interaction of light waves 
with the sound field (ref. 11 ). The diffracted light rays carry an image of 
the sound fields. Yet another technique of constructing acoustic holograms 
Lcrophoi recei r. Icroj y scans the 

acoustic fields at the hologram plane. The output signals from the microphone 
are amplified and used to Light a lamp which is focused on a photographic film 
(ref. ). in some cases, the microphone outj il canning spot 

of a CRT whose face can be photographed to get a hologram. 


One major point of difference between acoustic holography and optical 
holography stems from the fact that the acoustic waves can be detected by 
linear transducers whereas only squared-law detectors are usable with 
I ■ waves, v i ■ ill f t ' , j icesi 


*This limitation has recently (ref. 10) been circumvented for the reference 
beam by the use of an electrically generated reference beam in the construc- 
tion of the hologram instead of the acoustic reference beam. In the modified 
am nt, bject cl< sei t< the receiver and 

use normal incidence of the object beam on the receiver, thus avoiding losses 
due to reflection. There is no limitation on the electrically generated refer- 
tm. Such a sc econstructed ii 


^For a fixed thickness, mechanical safety limits the physical size of the 
crystal . 


b 
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t^fh ^ZZlntT 

P1SCUSSION OP ACOUSTIC HOLOGKAM RECONSTRUCTION TECHNIQUES 

.Ki;. boon indicated earlier vi ' — >1 . 

requires the use of visible radial i r Z ' i»?' . at *? n of ne ^stloa 1 image 

existing techntqu . Joustic ram. 

u 1 then ■ ■ „ " f 1 ' ■ • ;a 

approach necessarily lick, sim^ R ox t f It ^ ^ h ?* lh }" li * ht ' ™« 

'■ V ;l - ; 1»» display that the ' hree-dimensiona 1 , 

lalMted. A tech- 

In ■ of « " : ; el >v. 

■ ' b® Post . , : > prec« le t r ■■ \ **. it 

7 atod with *» appropriate phosphor ^ \ \ ™ additional screen 

f {**«* i* di reotly related to the Inulnl 'o l* ' \ ° pti ? al tran * mi *^n 

that point. (Such a phosphor - called •• • , llt ' ,on beam intensity at 

A built-in been discu In ref. 

nt the ruune time when the p i esoe ! eel." U ^ e ’' r °* ate the additional 

. * ' tetron bombardment , t " ' '' 

■ ' ■ ' • rou t. ier 

transparency. This arrangement would ‘ luVt ^ntially as a hologram 
ot the acoustical image on the regular TV screen ‘ n ^ at:t ^ uvn,s ^Pt teal display 
■ echnique. ) v 1 - ee f i ire . for su ested 

Another fruitful approach whio, 

i ngland (ref. pd, concerns the wl 7 ?*'?' ly PeporU * d progress in 

luminescent sonic detectors . : hi 7 t 7! • 0t pie f oelect ric eleetro- 

e a ddit . n c ’ electric voltages witl 

Ot the acoustic hologram. ‘ 1 phor to provide a visual display 

the — < ■ ~l. i» K e 

resulting from the difference between t>" i',\’ '\ nd ' m \ on demagnification 

* ' : e c ■ ' - 
M inspection) A ( interrogation ) \ am and the ratio 

r rt s frequenc ' ‘medic 

™ reason why the conventional visible optical tlre . U8ed * the re is 

" r ' >t be 

‘transitions. ) ... . w * • 

■ ■ ' ' : . 

1 tent ... ...... . v 

5 ' ’ ■ : 771 Ketherell et“ al 1 TTT 

raphj .. '. 

{l r<l>renCe WaVe ’ ^ ^ ^ 
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after itivation, 

when l to IR Ln the high micron rang« . • • " 

phosphors already exist (refs. .'1 and for use with 1 -mi cron- ran- ■ 

ire 1 )). Sue I ' ' ' M 

wavelengt Ln t • mi . Pj " . . 

iono juried with the activator ions in a high purl ty P»>nuei m. id •’» ^ \ l. 
. 1 potei approac ' 

. *or pt . letails. hus it appear t the u 

.... beams, ipled wil ■ - • ble phosj I » • 

e imi, te t 1 Jor obsta Ln 1 Levelopment -aphy. In 

, the use 1 wily a\ M micron! 

beam for reconstructing acoustical holograms is recommended. 


CONCLUDING REMARKS 

Sound photography has long suffered for want of adequate recording 
tec hi Lques. :ent de\ pi ent s 1 holography, u 

purred renewed ter visual 3 tioi fs in i fields. At pr j - 

it appears that sound holography has valid applications in two important 
areas : (l) Ultrasonic holography for medical purposes and for nondestructive 

materials research. The use of ultrasound here is dictated by the requirement 
that details of the object being observed must be larger than the sound 
wavelength.** (2) Underwater 

lower frequencies than those needed in medical applications and nondestructive 
test . w ■ ■ -enl :ou3tic s irees ’e pres 3 

coherenc wat becomes seri 1 1 3 for ver 3 

Ls therefore, xpected that wit.li the development of proper 
viewing devices, sound holography will come into widespread usage m under- 
water exploration. 

A discussion of the currently used techniques of recording and recon- 
structing sound holograms has brought out two major areas where further 
research is needed. One of these deals with the Implications of the ditlerence 

’ -adiations. r real-t e, dis 

.... . „ 1 ew . it -ecommended that infrared radial 


•The energy content of a 'O-mieron photon i. 

... *atur ■ f • ■ • 

will have to be eoole.i to keep the KT value 


s about 0.0625 eV 1 compared with 
nger \ ngths, 1 • 

>w the p ton rgy. 


••Ult rar-uuic propagator at. a s 
structures 

a fraction of a millimeter is 
Reasonable echo information is 
early cancer detection by mean 


: il L. un/sec ii t 

coefficient for wavelengths of the order of 
1 rmit ' Lica iiagi 

expected from soft tur.erous tissues to enable 
s of acoustical holography. 


o 
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wavelength comparable to the inspecting sound waves be used. The infrared 
images can be viewed with ( TH > visible) converter phosphors. The second 
area involves the real-time display of the visible image of the acoustically- 
inspected object at low sound levels such as are used in medical diagnosis. 

In this connection attention has been drawn to the need for a phosphor 
screen which is such that its optical transmission at any point is directly 
related to the incident electron beam intensity at that point. Such a 
screen, coupled with an acoustical camera, can enable instantaneous sound 
wave reconstruction. 
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APPENDIX 

DISTORTIONS IN SOUND IMAGE RECONSTRUCTION 

Let V , ¥ , and 4* be the amplitudes of the reference, the object 

r o c 

and the interrogating wavefronts and Let A^, A , and A^ be the corresponding 

wavelengths. If the sound hologram transparency is such that the amplitude 
transmission is proportional to the intensity, the emergent wavefront, T, 
is given by: 


II 

p p 

|T r + |v + V* 4* + T T* 

c 1 

'o' ' r 1 or or 


where V (Real) 

= V 

. y# y 

This choice is determined 


c 

o r 
„ 

by the experimental 

T (Vi rt ual ) 

= T 

c 

• V T 
o r 

conditions 

From equation (l). 

it is 

obvious that 



(|>(Real ) = 4> — 4> + 4> 

c o r 

<)>( Virtual ) = 4> + <(> — 4> (2) 

cor 


where the <J>'s give corresponding phases within the hologram plane relative 
to the phase at the origin. 


Determination of the phase, (refs. 23-21Q 

Consider an object point A(x , y , z ) in a frame of reference centered 

' o o o 

in the hologram and let the hologram be in the x-y plane. Then the phases, 

4> , are easily calculated as follows: 


“ T" 


2tt 

A 


o 
2it 

A Z o 
o 


(x’ - x Y + ( y * - y )‘ + (z' - z )" 
o o o 


S 


2 . 2 2 
x + y + z 


p 2 ? 2 

' + x + y'‘ + y - 2x'x - 2y'y 


1 + -- 


- 1 - 


2z 


2 2 
x + y 
o J o 


z 


= r (■ 


,2 . ,2 

+ v' - 


x' + y' - 2x'x^ - 2y’y c 


2z 


(3l 
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I !’ t his expression corresponds to the phase for 


a gaussian sphere, wo pet 


♦j. OM i ( I'^rst Order) 
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We will now use these values of 
magnification and compare it with the 
l’orrau 1 a . 


x" ;uid to 
value obtained 


calculate the 
by using the imaging 


M( bat era 1 ) 



( l >) 


win re 



( 10 ) 



m 
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( 11 ) 


bubs t i tuting t he vn.1 ue 


of 


in equation ) , we get 
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rat ion , due to third order terms in f, ln equations 



obt a i ns 


(1 0 


ill ^i vt 


i ons 
s for 


( 1 U ) 


r 


. t!i is. reduees to 



Olearly 0 only if nj my, i.e., t he decree of domaen t fi oat ion of 

the ho l o^ram must match the rat io of '■ for minimal spherical aberration. 

'o 

"hi a coudi t i on also minimi .\e:‘« ot.lu'r distortions, ouch a;; oomn and ant i omat i sn . 
These results clearly indicate t he desirnbilit y of making mj as clone to 
unity an possible. One possibility that nup.fvntn itself involves t he use of 
10.'' microns 00. laser beam as the interro^at. i ntf radiation ami an aoount ie 
bea- o comparab 'e wave 1 enpt: h a: the i nvent i yat i up radiation, at leant for 

medical d i ae.nont i c purposes . 
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Hologram 



(a) - Construction of a hologram. 
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(b) - Re-constructing the image by illuminating the hologram 
with the reference beam alone. 


Real 

Sound image 



(c) - Re-constructing the image by using an interrogating radiation 
different from the two original beams. 


Figure 1 - Hologram construction/reconstruction technique. 





Ultrasonic signal generator 


Figure 2. - Method of recording a liquid surface hologram. The parallel beam of 
coherent light, upon reflection from the deformed surface, produces 
a permanet record of the hologram. 



Electron Multiplier 



Figure 3. - Experimental set up for electronic sound hologram construction. 

The piezo-electric detector is scanned by an electron beam. 
The secondary electron beam from the detector is modulated 
by the acoustic field at the detector. 




TV screen 


Figure - 4. Suggested arrangement for the variable impedance optical filter and the 
TV screen for simultaneous hologram reconstruction. The scanning electron beam on the 
receiver crystal and the modulated electron beam on the auxiliary screen move in unison. The 
electrostatic lens between the scotophor and the electron gun scales down the hologram 
appropriately . 


Figure - 5 - A. Infrared excitation processes for the visible luminescence of Er 3+ in Yb 34 
- sensitized (La Fg: Yb, Er). (After ref. - 21). 




